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Combinations of ethylene and methyl jasmonate (ElMeJA) synergistically induced members of both groups 1 and 5 of 
the pathogenesis-related (PR) superfamily of defense genes. ElMeJA caused a synergistic induction of P R l b  and osmo- 
tin (PR-5) mRNA accumulation in tobacco seedlings. ElMeJA also synergistically activated the osmotin promoter fused 
to a P-glucuronidase marker gene in a tissue-specific manner. The ElMeJA responsiveness of the osmotin promoter was 
localized on a -248 to +45 fragment that exhlbited responsiveness to several other lnducers. ElMeJA lnduction also 
resulted ln osmotin protein accumulation to levels similar to those lnduced by osmotic stress. Of the several known in- 
ducers of the osmotin gene, including salicylic acld (SA), fungal infection is the only other condition known to cause 
substantial osmotin protein accumulation in Wisconsin 38, a tobacco cultivar that does not respond hypersensitively 
to tobacco mosaic virus. Based on the abillty of the protein kinase C inhibitor 1-(5-isoquinolinylsuIfonyl)-2-methylpiperazine 
to block ethylene induction of PR-lb mRNA accumulation and its inability to block osmotln mRNA induction by ethylene, 
these two PR gene groups appeared to have at least partially separate signal transduction pathways. Stimulation of os- 
motln mRNA accumulation by okadaic acid indicated that another protein kinase system is involved in regulation of the 
osmotin gene. SA, which is known to induce pathogen resistance in tobacco, could not induce the osmotin gene as 
much as ElMeJA and neither could it induce PR-lb as much as SA and Y d A  combined. 

INTRODUCTION 

Of the many apparent plant defense responses to invasion by 
various pathogens, one of the most studied is the synthesis 
of a group of host-encoded proteins referred to as pathogen- 
esis-related (PR) proteins. PR proteins were first discovered 
as polypeptides that accumulate in genotypes of tobacco that 
respond hypersensitively to infection with tobacco mosaic vi- 
rus (TMV) (Gianinazzi et al., 1970; Van Loon et al., 1970). Since 
then, many PR proteins have been described as occurring in 
a wide variety of plant species (Cutt and Klessig, 1992). The 
PR proteins and genes that encode them have now been 
categorized into five major groups. A great deal of information 
concerning expression and function of these genes has been 
reported, and a number of reviews concerning PR proteins 
have appeared (BOI et al., 1990; Cutt and Klessig, 1992). In- 
creasing evidence has mounted showing that many members 
of the PR superfamily have antifungal activity in in vitro as- 
says (BOI et al., 1990). Three of the PR protein groups, PR-1, 
PR-3 (chitinases), and PR-5 (osmotins), have now been 
reported to contain gene members that can convey increased 
resistance to phytopathogenic fungi when overexpressed in 
transgenic plants (Broglie et al., 1991; Alexander et al., 1993; 
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Liu et al., 1994). Besides the production of transgenic plants 
that overexpress PR proteins, another important approach to- 
ward understanding the antiphytopathogenic properties of 
these genes involves the elucidation of the signal transduc- 
tion pathway(s) that controls their expression and thereby allows 
an effective means of testing their coordinated expression on 
resistance. 

In recent years, we have examined in some detail the reg- 
ulatory properties of a PR protein referred to as osmotin 
(Kononowicz et al., 1993). Osmotin, which has been classi- 
fied as a basic homolog of family five PR proteins, was 
discovered as a protein that accumulates to high levels in cells 
of tobacco (cv Wisconsin 38 [W38]) after NaCl adaptation 
(Singh et al., 1987a, 1987b). Osmotin gene expression in 
tobacco is already known to be regulated by a large number 
of hormonal and environmental signals, which include NaCI, 
abscisic acid (ABA), ethylene, wounding, desiccation, UV light, 
cold, TMV infection, and fungal infection (Singh et al., 1989a, 
1989b; Brederode et al., 1991; Stintzi et al., 1991; Cutt and 
Klessig, 1992; LaRosa et al., 1992; Nelson et al., 1992; Liu 
et al., 1994). Although many inducers of the osmotin gene have 
been described, most have been shown not to cause accumu- 
lation of osmotin protein in the tobacco cultivar W38 (LaRosa 
et al., 1992). 
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There has been a well accepted assumption in recent years 
that factors that control the expression of a particular gene 
help define the function of that gene’s product. Thus, there 
has been considerable effort to identify genes that function 
to produce a particular phenotype (e.g., disease or osmotic 
stress tolerance) by determining which genes will respond to 
environmental or hormonal signals that can induce the pheno- 
type of interest (for instance, see Skriver and Mundy, 1990; 
Bray, 1993; Thomas and Bohnert, 1993). However, many genes, 
like osmotin, are induced by severa1 apparently unrelated sig- 
nals, such as osmotic stress and pathogen invasion, bringing 
into question the relationship between inductive signals and 
gene function. In this study, we present evidence that there 
are hyperinduced states of plant defense genes that result from 
particular signal combinations. We suggest that signal com- 
binations may synergistically hyperinduce other plant defense 
genes and that such synergistic signals may be more specifi- 
cally related to gene function than any single inductive signal. 

We specifically demonstrated that osmotin and PR-lb, mem- 
bers of the PR gene superfamily, which have not been reported 
to be regulated by methyl jasmonate (MeJA), responded to this 
signal through its cooperation with other hormonal factors in 
regulating the expression of PR genes. We have described 
a dramatic and tissue-specific synergistic effect of ethylene 
and MeJA on activating the expression of the osmotin promoter. 
The cis element pattern of hyperresponsiveness of the osmo- 
tin promoter to combinations of ethylene and MeJA (EIMeJA) 
indicated that the responsive sequences are present on the 
same DNA fragment (-248 to +45) where responsiveness to 
other signals has been mapped (Raghothama et al., 1993). 

RESULTS 

Synergistic Effect of Ethylene and MeJA on the 
Osmotin Promoter 

Ethylene caused osmotin mRNA accumulation in young root 
and leaf tissues (LaRosa et al., 1992). After 24 hr of ethylene 
treatment, 5-day-old seedlings containing an osmotin pro- 
moter-P-glucuronidase (GUS) fusion gene (GUSlB) (Nelson 
et al., 1992) exhibited a fivefold increase in GUS activity. As 
seen in Figure lA, 5 ppm ethylene is above the concentration 
required to produce maximum activation of the osmotin pro- 
moter. The osmotin promoter was not responsive to treatment 
with MeJA alone (Figure 1A). However, when MeJA was ap- 
plied in combination with a response saturating leve1 of ethylene 
(5 ppm), the activity of the osmotin promoter was induced dra- 
matically Beyond that seen with either ethylene or MeJA in 
whole GUSlB seedlings (Figures 16 and 1C). When increas- 
ing concentrations of MeJA were applied with 5 ppm ethylene, 
an optimal response of the promoter was seen at 45 pM MeJA 
(Figure 1C). Synergistic induction of the osmotin promoter by 
ElMeJA was confirmed by RNA gel blot analysis that indicated 
synergistic accumulation of osmotin mRNA (Figure 2A). 
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Figure 1. GUS Activities of GUSlB Seedlings Treated with MeJA, Eth- 
ylene, and Ethylene Plus MeJA (EIMeJA). 

(A) Effect of ethylene and MeJA on osmotin promoter-GUS fusion gene 
activity. Seedlings were treated for 24 hr with the indicated concentra- 
tions of MeJA or ethylene. The mean GUS activity of untreated control 
tissues was 45.6 nmol of methylumbelliferone per mg of protein per hr. 
(B) Synergistic effect of 45.5 pM MeJA and increasing concentrations 
of ethylene on osmotin promoter-GUS fusion gene activity. Seedlings 
were treated for 24 hr. 
(C) Synergistic effect of 5.0 ppm ethylene and increasing concentra- 
tions of MeJA on osmotin promoter-GUS fusion gene activity. Seedlings 
were treated for 24 hr. 
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Figure 2. Effects of Inducers and Combinations of Inducers on Os-
motin and PR-1 mRNA and Protein Accumulation.

(A) Induction of osmotin (OSM) and PR-1 mRNA. Gel blots of osmotin
and PR-1 RNA (15 ng of total RNA per lane) from the untreated control
and seedlings treated with 1 mM SA, 45.5 nM MeJA, 5 ppm ethylene.
E/MeJA (5 ppm and 45.5 nM), and SA/MeJA (1 mM and 45.5 nM) are
shown; rRNA hybridization is shown to illustrate the relative amount
of RNA loaded and transferred. RNA extractions were made 24 hr af-
ter treatments.
(B) Induction of osmotin and PR-1 proteins. Shown are osmotin and
PR-1 immunoblots of an SDS-polyacrylamide gel of proteins (30 ng
protein per lane) from seedlings treated for 3 days under the same
conditions as given in (A).

In contrast to ABA, the activation of the osmotin promoter
by ethylene (Nelson et al., 1992) and by a combination of eth-
ylene and MeJA was not affected by age of the seedlings (data
not shown).

Ethylene and MeJA Induce Osmotin mRNA and Protein
Accumulation

We have reported previously that although several factors can
induce osmotin mRNA accumulation, most do not cause pro-
tein accumulation (LaRosa et al., 1992). The combination of
E/MeJA induced both osmotin mRNA and protein to accumu-
late to levels nearly as high as those found in salt-adapted cells
(Figures 2A, 2B, and 3B). This accumulation of protein occurred
within 3 days of treatment, similar to the time required for

protein to accumulate in response to fungal infection (Liu et
al., 1994) and salt adaptation (LaRosa et al., 1992). In fact,
the levels of protein accumulation induced in roots and shoots
of tobacco seedlings correlated well with the induction of the
promoter as evidenced by GUS staining (Figure 3). Compared
to control levels, ethylene and especially MeJA caused a larger
accumulation of osmotin mRNA than when they stimulated
the osmotin promoter fused to GUS (Figures 1A and 2A). This
suggests that these signals may have effects both on osmotin
promoter induction and on stabilization of osmotin mRNA.
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Figure 3. Tissue-Specific Pattern of Osmotin Promoter Activity in
GUS1B Seedlings Treated with MeJA, Ethylene, and E/MeJA.

(A) Histochemical localization of GUS gene expression (from left to
right): untreated seedlings and seedlings after 24 hr of treatment with
45.5 nM MeJA, 5 ppm ethylene, or E/MeJA (5 ppm/45.5 nM).
(B) Osmotin (OSM) protein induction in roots, cotyledons, and whole
seedlings. Osmotin immunoblot of an SDS-polyacrylamide gel of pro-
teins (30 ng of protein per lane) from whole seedlings, cotyledons, or
roots 3 days after they were treated with the same concentrations of
inducers as indicated in (A). Osmotin accumulation in salt-adapted
(S25) tobacco cells is shown for comparison.
(C) Quantitative assay of GUS activities. Given are GUS activities
(nmoles of methylumbelliferone per milligram of protein per hour) in
the whole seedlings, cotyledons, or roots treated as described in (A).
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Although we have found that MeJA has no effect on the leve1 
of GUS mRNA, we cannot rule out the possibility that it destabi- 
lizes GUS protein. 

Response of Whole Seedlings to Ethylene and MeJA 1s 
the Result of Synergistic Action on Roots and Nearly 
Codependent Action on Cotyledons 

The GUS expression patterns of 5-day-old GUSlB seedlings 
treated for 5 days with water, MeJA, ethylene, and ElMeJA are 
shown in Figure 3A. In the control seedlings and seedlings 
treated with MeJA, there was a constitutive expression of GUS 
only in root tissues especially near the transition zone. The 
seedlings treated with ethylene alone showed increased GUS 
activity in roots and cotyledon tips. The treatment of ElMeJA 
significantly increased GUS activity in roots and caused dra- 
matic expression in otherwise nonexpressing cotyledon tissue 
(Figure 3A). The quantitative measurement of GUS activity also 
showed that induction of the osmotin promoter in cotyledons 
was virtually codependent on the presence of both ethylene 
and MeJA, which elicited a 200-fold increase in promoter ac- 
tivity (Figure 3C). The variation between different tissues in 
degree of response of the osmotin promoter to individual and 
combinations of signals could be explained by different en- 
dogenous levels of the signal molecules in different tissues. 
Higher levels of endogenous MeJA in roots, cotyledon tips, 
and mature expanded leaves could result in our observation 
that the osmotin promoter was more responsive to ethylene 
and less responsive to ElMeJA in these tissues. 

The induction of large amounts of osmotin protein occurred 
only in treatments with ElMeJA, and only the cotyledons 
responded by accumulating protein to levels similar to those 
seen in salt-adapted cells (Figure 38). 

Responsiveness to Ethylene and EIMeJA 1s Associated 
with the Same Region of the Osmotin Promoter as 
Other lnducers 

We previously reported that analysis of 5’ deletions of the 
osmotin promoter. by transient expression in microprojectile- 
bombarded leaves illustrated that the promoter sequence from 
-248 to +45 bp is absolutely required for reporter gene ac- 
tivity (Raghothama et al., 1993). The responsiveness of the 
promoter to ABA, ethylene, salt, desiccation, and wounding 
also appears to be associated with the -248/+45-bp se- 
quence of the promoter (Raghothamaet al., 1993). This region 
contains three imperfect G-box motifs (Raghothama et al., 
1993). The pattern of expression of GUS induction by ElMeJA 
treatment in stable transformants carrying osmotic promoter 
deletion fragments fused to GUS revealed that the same 5’ 
sequence from -248 to +45 bp is required for the synergistic 
induction of the promoter (Figures 4A and 48). Although gel 
retardation experiments with the -248/+45-bp fragment 
showed that no changes in gel retardation were observed after 

ElMeJA treatment, the protein synthesis inhibitor cyclohexi- 
mide blocked ElMeJA induction of the osmotin promoter. 

Ethylene and MeJA Can Synergistically lnduce a PR-1 
Gene 

Besides osmotin, the PR-lb gene also was induced synergisti- 
cally by ElMeJA (Figure 2A). This synergism was at least as 
dramatic as that seen with osmotin. It appears likely that the 
other PR gene families will be synergistically activated by 
ElMeJA. 

PR-5 (Osmotin) and PR-1 Are lnduced through 
Different Signal Transduction Pathways 

Recently, it was reported that the protein kinase C inhibitor 
1~5-isoquinolinylsuIfonyl)-2-methylpiperazine (H7) could inhibit 
the induction of PR-1 transcript by ethylene (Raz and Fluhr, 
1993). However, H7 was unable to inhibit the induction of os- 
motin transcript accumulation by ethylene in mature expanded 
leaves (Figure 5A). In contrast, we also found, as reported by 
Raz and Fluhr (1993), that H7 inhibited ethylene induction of 
the PR-lb message (Figure 5A). Apparently, another protein 
kinase system is involved in osmotin gene expression because 
the phosphatase inhibitor okadaic acid stimulated osmotin 
gene expression (Figure 58) as it did PR-1 expression (Raz 
and Fluhr, 1993). These results strongly suggest that two of 
the PR gene family subgroups, PR-1 and PR-5 (osmotin), are 
induced through separate signal transduction pathways, both 
involving protein kinases. Because severa1 primary signals in- 
duce both of these genes, it is quite possible that some 
secondary signal steps are shared by PR-1 and PR-5 genes. 

Roles of Salicylic Acid, Ethylene, and MeJA in 
Coordinating Defense Gene Responses 

A great deal of evidence has been reported to show that sali- 
cylic acid (SA) plays a key role in coordinating plant defense 
gene expression (see Enyedi et al., 1992). Indeed, exogenously 
applied SA significantly affects resistance to pathogens (see 
Enyedi et al., 1992). We have found the curious result that the 
osmotin gene, which was also induced by SA, was induced 
to a greater extent by ElMeJA (Figure 2A). Even more interest- 
ing is our observation that in W38 tobacco, which does not 
respond hypersensitively to TMV, SA was not able to induce 
a large accumulation of the osmotin protein (Figure 2B), 
whereas ElMeJAstrongly induced the protein (Figures 28 and 
3s). In addition, although SA substantially induced the accumu- 
lation of PR-lb protein in W38 tobacco, the combination of MeJA 
and SA induced PR-1 protein to accumulate severalfold more 
(Figure 2B). Although MeJA, in combination with ethylene or 
SA, hyperinduced osmotin and PR-lb mRNA accumulation 
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Figure 4. Responsiveness of Stable Transgenic Plants Carrying Osmotin Promoter Fragments Fused to GUS That Were Treated with Ethylene 
and MeJA. 

(A) 5' Deletion fragments of the osmotin promoter. The positions of the 3' and 5' nucleotide ends of each fragment are indicated relative to the 
transcription start. 
(6) Relative induction of GUS fused to promoter fragments. The fold induction is given as the GUS activity after 24 hr of treatment with 5 ppm 
ethylene or 5 ppm ethylene and 45.5 pM MeJA divided by the GUS activity of control plants (untreated). All data for every osmotin promder-GUS 
fusion construct were obtained from several hundred seedlings of three independent transformants carrying that construct. The mean GUS activi- 
ties of the control (untreated) for GUSlB and constructs 5, 8, 10, 11, 13, 16, 18, 22, and 23 were 83, 83, 136, 169, 65, 77, 60, 23, 11, and 1 nmol 
of methylumbelliferone per mg of protein per hr, respectively. The GUS activities of seedlings treated only with 45.5 pM MeJA for GUSlB and 
constructs, 5, 8, 10, 11, 13, 16, 18, 22, and 23 were 67, 98, 79, 177, 49, 88, 63, 12, 25, and 1 nmol of methylumbelliferone per mg of protein per 
hr, respectively. These values illustrate that several independent transformants that respond to ethylene and E/MeJA do not respond to MeJA alone. 

(Figure 2A), osmotin protein accumulated to very high levels 
only when MeJA was combined with ethylene, and PR-lb pro- 
tein did so only when MeJA was combined with SA (Figure 
28). Apparently, SA and ethylene exert some translational or 
protein stability effects on PR-lb and osmotin, respectively. 
It will be extremely interesting to compare SA to combinations 
of signals in their abilities to induce the accumulation of other 
defense proteins in different tobacco genotypes. This appears 
not to have been studied with specific antibody probes to date. 
Because our results clearly indicated that different members 
of the PR defense gene superfamily are not regulated by a 

single signal pathway and that maximal accumulation of more 
than one defense protein requires multiple signals, the possi- 
ble role of signal combinations in inducing acquired resistance 
should be considered and studied. 

D~SCUSS~ON 

In this study, we have demonstrated the synergistic effect of 
ethylene wi!h MeJA on activating PR gene expression. 
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Figure 5. Comparison of the Regulation of a PR-1 Gene with That
of the Osmotin Gene.
(A) H7 blocks ethylene-induced PR-1 but not osmotin (OSM) mRNA
accumulation. Total RNA was extracted from leaves of 4-week-old
GUS1B plants (with six expanded leaves) that were treated with 100
nM H7 with or without 12 ppm ethylene. Fifteen micrograms of total
RNA was loaded onto each lane and transferred after electrophoresis
to nitrocellulose. RNA was hybridized with 32P-labeled probes of os-
motin or PR-1 cDNAs. rRNA hybridization of the same blot is shown
to illustrate the relative amount of RNA loaded and transferred.
(B) Induction of osmotin mRNA accumulation by okadaic acid. Shown
is a gel blot of RNA (15 ng total RNA per lane) from untreated tobacco
cells and tobacco cells treated with 0.5 |iM okadaic acid (OA) after
hybridization with 32P-labeled osmotin cDNA.

Although both the stimulation and inhibition of ethylene biosyn-
thesis by MeJA have been reported (Saniewski et al., 1987;
Bailly et al., 1992; Chou and Kao, 1992), the ability of MeJA
and ethylene to coregulate the osmotin gene is not a result
of any effect of MeJA on ethylene production. As shown in Fig-
ure 1A, there is a fivefold induction of GUS activity by ethylene
in GUS1B seedlings, and this induction is not increased by
higher concentrations of ethylene. The ability of MeJA to in-
crease the induction of the osmotin promoter occurs at ethylene
concentrations above this level of saturation.

Mason et al. (1992) have shown that MeJA and soluble sugars
synergistically stimulate the accumulation of soybean vegeta-
tive storage protein (vsp) mRNAs, whereas little accumulation
occurred when these compounds were supplied separately.
To date, this is the only report indicating a synergistic effect
of MeJA with other factors in regulating gene expression. For
this synergistic effect, two hypotheses are mentioned by Mason

et al. (1992). One is that the sugar is a signal molecule and
acts with MeJA to induce the expression of the vsp gene. The
other is that MeJA is the signal molecule for induction of vsp
transcription, and the sugar is an energy source to enhance
this process. How does MeJA interact with ethylene and
coregulate osmotin gene expression? The binding of ethylene
to its receptors on the plasma membrane might sensitize MeJA
receptors on the membrane. Seedlings pretreated with ethyl-
ene for several hours were then treated with MeJA in the
absence or presence of further ethylene treatment. Osmotin
promoter activity was synergistically induced by MeJA with con-
tinuous ethylene treatment but not by MeJA with only an
ethylene pretreatment (data not shown). This indicates that the
continuous presence of ethylene is required for the synergis-
tic effect of MeJA and ethylene on inducing the osmotin gene,
i.e., the continuous binding of ethylene with its receptors might
be required or that a short-lived participant in signal transduc-
tion is induced.

Although several signal molecules have been shown to be
involved in the induction of genes that participate in the de-
fense against plant pathogens and pests (Lamb et al., 1989;
Ward et al., 1991; Enyedi et al., 1992), none of these genes
has been shown to be synergistically hyperinduced by a com-
bination of such signals. However, some environmentally
induced genes have been found to respond synergistically to
multiple signals (Bostock and Quatrano, 1992). Bostock and
Quatrano (1992) also suggested that NaCI sensitized plant cells
to ABA, resulting in a NaCI-ABA synergistic response of the
Em gene.

The demonstration of such hyperactivation raises the pos-
sibility that the functional specificity of defense genes in general
may be related to particular combinations of signal molecules
that produce a more specific "signature" set of inducers that
initiate a specific environmental warning. Such a mechanism
would allow a very complex set of specific signals by using
only a handful of primary signal messengers and their primary
receptors. The evolution of such a cross interactive signal
transduction system could also explain the common occur-
rence of "cross-talk" between signaling molecules because
cross-activation to produce synergistic responses would need
to evolve through common biochemical recognition domains.
An important question raised by such a hypothesis is the
functional relationship between ordinary gene induction by
single signals and hyperinduction by synergistic combinations
of signals. Single-signal inductions could represent evolutionary
remnants of archeotype genes, or they could be part of a
tiered system involving multiple degrees of responsiveness,
each tier representing a more severe and more clear warning
of a changing environment that evokes a stronger gene expres-
sion response. This view is in contrast to an interesting
interpretation expressed by Enyedi et al. (1992) that the sig-
naling transduction system of plants can simply fail to
distinguish signals specifically, and sometimes functionally
improper genes are induced, much like the animal immune
system falsely recognizes allergens as potential threats. Such
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signal recognition failures could be the result of repeated 
counter-evolutionary responses by hosts and pests to thwart 
each other's attack and defense strategies. 

A significant issue arising from our observation of hyper- 
inducibility of defense genes is whether hyperinducing signal 
combinations can induce resistance to pathogens. This, of 
course, would greatly depend on the ability of a given set 
of hyperinducing signals to turn on the proper combination of 
defense genes. The ability of SA to induce multiple defense 
genes is consistent with the observation that resistance can 
be induced in plants by SA treatment. Other signals, such as 
ethylene, can induce multiple defense genes, and ethylene, 
to a limited extent, can increase resistance. Although very high 
levels are required to affect resistance, these levels are much 
higher than those usually produced by pathogen exposure (see 
Enyedi et al., 1992). However, our results suggest that even 
saturated ethylene treatment alone is not able to cause maxi- 
mum gene expression changes and thereby may not affect 
resistance. The fact that both osmotin (PR-5) and PR-1 gene 
expression is synergistically induced by ElMeJA suggests that 
other defense genes and thus resistance might be induced 
by these signals. 

Recent experiments have shown that the ability to synthe- 
size SA is required to induce resistance by exposure to a 
pathogen (Gaffney et al., 1993). It remains to be seen whether 
other signals or hyperinducing signal combinations can induce 
resistance in the absence of SA. The EIMeJA-mediated 
hyperinduction of osmotin does not appear to involve SA 
because this leve1 of induction cannot be achieved by SA. 
This is consistent with the view expressed by Enyedi et al. 
(1992) that at least two separate systems of induction of resis- 
tance exist, one involving pathogens through SA and another 
involving wounding mediated by insect damage, which often 
facilitates pathogen invasion. However, it remains unclear as 
to whether all pathogens induce defense genes and resistance 
through SA, or as suggested here, other hyperinducing sig- 
na1 comtiinations also may be involved. 

METHODS 

Plant Material 

Tobacco cell cultures that are adapted to grow in the presence of 428 
mM NaCl(S25) were maintained as described by Singh et al. (1987b). 
Homozygous seeds of tobacco transformant GUSIB, which expressed 
a high leve1 of 0-glucuronidase (GUS) activity (Nelson et al., 1992), 
were germinated on two layers of Whatman No. 1 filter paper in 9-cm 
sterile Petri dishes with 5 mL of 0.1 x Murashige and Skoog (MS) salts. 
Five-day-old seedlings were used for all treatment experiments. 

Methyl Jasmonate, Ethylene, and Sallcylic Acid lteatments 

All treatment experiments were repeated at least three times with three 
replications each. For methyl jasmonate (MeJA) and salicylic acid (SA) 

treatments, dishes were flooded with 0.1 x MS solution containing 
desired MeJA (Bedoukian Research, Danbury, CT) or SA(Sigma) con- 
centrations and decanted, and 1 mL of fresh solution was added. Dishes 
for control and ethylene treatments received 1 mL of 0.1 x MS solu- 
tion. Ethylene treatments were made by sealing the dishes in 9-L 
desiccator chambers or 25-L plastic chambers. Ethylene concentra- 
tions were determined by gas chromatography. 

Assay for GUS Enryme Activity 

After treatment, seedlings were extracted with the luciferase-GUS ex- 
traction buffer (50 mM KzHP04, pH 7.8, 1 mM EDTA, 10 mM DTT, and 
50/0 glycerol) using a polytron homogenizec After centrifugation at 
12,0009 for 5 min in a microcentrifuge, the supernatant was collected 
and used for protein determination by the Bradford reagent assay and 
for measuring GUS enzyme activity. GUS activity was measured as 
amount of methylumbelliferone formed using 4-methylumbelliferyl 
P-o-glucuronide as substrate as described by Nelson et al. (1992). 

Hidochemical Assay for GUS Enzyme Activity 

Histochemical staining for GUS activity was performed according to 
the procedure of Jefferson et al. (1987), with the modifications prc- 
posed by Koltunow et al. (1990). Seedlings were fixed for 5 min in fixing 
solution (0.1 M Na2HPO4, pH 7.0, 0.10/0 formaldehyde, 0.1% Triton 
X-100, and 0.1% P-mercaptoethanol) and then rinsed twice with 0.1 M 
Na2HP04, pH 7.0, containing 0.1% P-mercaptoethanol, followed by a 
rinse with 0.05 M Na2HP04, pH 7.0. For the GUS reaction assay, a 
buffered solution (0.05 M Na2HP04, pH 7.0) of 1 mM 5-bromo-4chloro- 
3-indolyl-~-D-glucuronic acid cyclohexylammonium salt (Biosynth AG, 
Staat, Switzerland) containing 0.1% p-mercaptoethanol and 0.1% Tri- 
ton X-100 was used. After the GUS reaction, seedlings were fixed for 
2 hr in a solution with 50% ethanol, 10% formaldehyde, and 5% ace- 
tic acid. Chlorophyll was removed by 95% ethanol, followed by 70% 
ethanol. 

RNA Extraction and Gel Blot Hybrldization 

Tissues were frozen in liquid NP and ground to a fine powder with a 
mortar and pestle. Total RNA was extracted by the guanidine 
isothiocyanate method as described by Casas et al. (1992). Fifteen 
micrograms of total RNA was loaded to a formaldehyde-formamide 
denatured 1.2% agarose gel and then transferred to nitrccellulose mem- 
brane as described by Sambrook et al. (1989). Hybridization conditions 
were as described (Singh et al., 1989a). 32P-labeled DNA probes were 
prepared from osmotin and pathogenesis-related PR-lb coding regions 
by random primer labeling. Filters were washed at rmm temperature 
in 2 x, 1 x, and 0.1 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium 
citrate) with 0.1% SDS sequentially and exposed to x-ray films. 

Protein Gel Blot Detection of Osmotln and PR-1 

Seedlings were ground in liquid N2 and proteins were precipitated with 
ice-cold acetone. Osmotin protein was detected on gel blots of pro- 
teins that were separated by SDS-PAGE and reacted with polyclonal 
anti-osmotin antibody (Singh et al., 1987b) or monoclonal anti-PR-1 
antibody. 
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